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Introduction
Methylmercury is recognized as one of the most hazardous environmental pollutants, largely due to endemic disasters such as Minamata disease in Japan and methylmercury poisoning in Iraq, as well as industrial accidents involving methylmercury compounds. A failure to acknowledge and prevent the disease, however, has caused the disasters to be unnecessarily repeated. For example, the second outbreak of Minamata disease (or Niigata Minamata disease) took place in Niigata, Japan, after the outbreak in Minamata. In Iraq, methylmercury poisonings repeatedly occurred from the distribution of wheat seeds dressed with methylmercury.
This paper is divided into three parts. The first part, an extract from the earlier literature, describes how the toxicity of methylmercury or organic mercury was found and recognized. Because methylmercury brought about tragedies many times in different ways, it is important to trace how the tragedies occurred and why they were not prevented. Thus, the early history of poisonings by industrial organic mercury compounds is reviewed and the early stages of the outbreak of Minamata disease are described.
In the second part, experimental studies are reviewed with an emphasis on investigations of behavioral teratology. Methylmercury has been considered an environmental health threat to the nervous systems of developing fetuses since the exploratory work of Spyker et al. in 1972 (1) .
In the final part, we present a comparison of human and animal data with regard to behavioral effects of in utero exposure to methylmercury.
Identification of Methylmercury Toxicity
Methylmerry Recogied as an Industrial Toxicant Organic mercury compounds including methylmercury have been commercially produced since 1930. The use of organic mercury compounds in chemical research, however, goes back to 1863. Organic mercury was first identified as a health hazard in 1866 when two laboratory technicians were poisoned with dimethylmercury (2) .
A 30-year-old male who had been exposed to dimethylmercury for 3 months "complained of numbness of the hands, deafness, poor vision and sore gums... [He was] unable to stand without support," although no motor palsy was detected. His condition rapidly worsened; he became restless and comatose within a week and died 2 weeks after the onset of symptoms. Another victim was a 23-year-old laboratory technician who had been working in the laboratory for 12 months, although he had handled dimethylmercury for only 2 (2) . Most of the signs and symptoms described above resemble those observed in (acute) Minamata disease. Sore gums and salivation were, however, symptoms observed in mercury vapor poisoning. Since dimethylmercury can easily be broken down to produce metallic mercury, it is considered that these symptoms were due to co-existing metallic mercury.
The therapeutic use of diethylmercury against syphilis was tried in Germany in 1887 but was readily abandoned because of extremely high toxicity. Animal experiments showed involvement of the nervous Environmental Health Perspectives * Vol 104, Supplement 2 -Aprl 1996 system. "Incoordination was noticed, especially in rabbits, and motor paralysis was observed in dogs and cats. Tremors, blindness, loss of the sense of smell, deafness, and attacks ofwrath on the slightest provocation were observed in many of the dogs" (2) . The toxicity of alkylmercury compounds had therefore already been recognized in the 19th century.
Although there had been accidental cases of mercury poisoning and related findings in experimental studies as mentioned above, organic mercury compounds such as aryl and alkyl derivatives continued to be used for seed dressing. "In 1940, Hunter reported four cases of methylmercury poisoning in a factory where fungicidal dusts were manufactured without an enclosed apparatus... [The symptoms were] severe generalized ataxia, dysarthria and constriction of the visual field" (2) . The characteristic symptoms of mercury vapor poisoning, with the exception of tremors, were not observed. One (3) . The way in which the victims became exposed to methylmercury was uncommon; they consumed substantial amounts of contaminated fish and shellfish. The source of methylmercury was effluent from a chemical company where mercury was used as a catalyst to produce acetaldehyde. Although methylmercury concentration in the seawater was not high, it was concentrated as it ascended the food chain and thus was in the fish and shellfish that were the staple diet of the villagers. The concentrations of methylmercury in the fish were high enough to cause methylmercury poisoning. Minamata disease is evidently unique in its origin as it involved the bay's ecosystem.
Minamata disease was first officially reported on 1 May 1956 to the public health authority of Minamata, Kumamoto prefecture (4) . During the preceding 10 days, Dr. Hosokawa, the head of the hospital that was affiliated with Chisso (the responsible company), and his colleague experienced two infantile cases of an unknown disease that resulted in death. Since the two infants were sisters and so severe a disease occurred in one family at the same time, the doctors felt that the situation required serious attention and reported it to the public health authority. Moreover, before these two infantile cases, they had dealt with sporadic occurrences of a similar disease (5) .
Abnormal gait, dysarthria, ataxia, deafness, and the constriction of the visual field were the main symptoms (6) . It was also common to find emotional lability in the form of euphoria or depression. Serious cases displayed states of mental confusion, drowsiness, and stupor. Sometimes, however, the victims were restdess and prone to shouting, which often led into coma.
After Dr. Hosokawa's official report, a committee to study this serious disease consisting of representatives Kumamoto University was organized. The initial epidemiologic study revealed an entire range of characteristics related to "the mysterious disease" (7 (12) . Moreover, the formation of organic mercury as a by-product in the production of acetaldehyde using mercury was also suspected. Somehow, this literature was not found by the study group.
It took a long time to reach the conclusion that the organic mercury ingested by fish and shellfish was the cause of Minamata disease. However, it was rapidly concluded from the epidemiologic study that the disease was caused by an unidentified toxic agent and that fish and shellfish were involved. Here lie the strength and limits of epidemiology: it is not difficult to recognize a risk factor but it is difficult to specify the causal agent. Considering the state of analytical chemistry at that time, it was more difficult to identify the toxic agent than it is now. It is regrettable that the local authorities did not prohibit fishing in the bay in the early stages of the epidemic of Minamata disease. The conclusion to be drawn after reviewing the events that occurred at the onset of Minamata disease is that epidemiology is able to provide enough evidence to prevent the spread of an unknown disease, even though the specific agent involved has not been determined.
Fetal Minamata Disease
Fetal Minamata disease was first detected in 1958 by Professor Kitamura and his colleagues in the Minamata Bay area (13). They found nine infants who manifested a severe disease resembling cerebral palsy during their epidemiologic investigation. The incidence of the cerebral-palsy-like-disease was extremely high among infants who were born in and after 1955 (15) . These outbreaks were caused by the distribution of seed grain treated with alkylmercury compouds. Rural people consumed the grain to make homemade bread. The total number of official victims was 6530 including 459 deaths. Symptoms were paresthesia or malaise followed by ataxia, visual field constriction, and hearing impairment.
In the investigation of the tragedy, dose-effect and dose-response relationships were established. Since there was possibly a background incidence, a hockeystick model, which is composed of a horizontal line and a sloped line, fitted well. In addition, a relationship between mercury concentrations in the hair and blood was also established. Since mercury concentration in hair strands recapitulates the history of methylmercury exposure, analysis of hair mercury provided abundant information about the course of exposure. Fetal Exposure to
Methylmercury in Iraq
In the Iraqi outbreak (15) (16) (17) , babies with in utero exposure to methylmercury were investigated for physical and mental development. The mothers were interviewed as well. Exposure was estimated by the peak mercury concentration in a single hair strand from each mother.
A scoring system of examination results was adopted in the investigation. Although individual scores exhibited variability, a dose-response relationship was found. Statistical analysis suggested greater effects in boys than in girls.
The data were statistically analyzed in detail to establish a dose-response relationship between the effect and the hair mercury concentration (18) . Both logit and hockey-stick models were fitted to the data. From these analyses, the estimated lowest effect level (ELEL) was proposed as a threshold for human populations.
Recent Epidemiological Studies
Since fish-eating populations are exposed to the threat of methylmercury, effects of in utero exposure to methylmercury have been studied (Table 1) . In New Zealand, a group with high fish consumption (more than 3 times per week during pregnancy) was identified and the risk of in utero methylmercury exposure was evaluated (23) . When the children were 4 years of age, they were tested with the Denver Developmental Screening Test. Children born to mothers with hair mercury levels higher than 6 ppm had a higher prevalence of abnormal results. More comprehensive examinations were given at 6 years of age. At this age, children with 
Abbreviations: gi, gastric intubation; sc, subcutaneous injection; diet, food containing methylmercury compounds; GD, day(s) of gestation. 6 .4 x 1 (gi) GD 15 " Step-down" passive avoidance 60 Rapid extinction (35) Abbreviations: iv, intravenous injection; sc, subcutaneous injection; gi, gastric intubation; GD, day(s) of gestation. (40) trained rats to press a lever with predetermined ranges of force and time. The impaired performance of methylmercury-exposed rats was considered to be a result of deficit in tactile-kinesthetic systems.
Motivation and Arousal Behavior (Tables 8-10 ). In mice, spontaneous activities were decreased; the results were inconsistent in rats. Selenium supplement partly counteracted the hypoactive effects of methylmercury (25) . In the open-field tests, two investigations employing an identical strain of mice showed comparable results: longer latency, decreased urination, and increased backing. In rats, however, no change was observed, although increased locomotion was found when challenged with amphetamine. Increased susceptibility was observed in two studies although inducing methods were different. Soeial Funetions (Table 11) . While three studies found slight or no effects on ultrasonic vocalization, Elsner et al. (48) , using highly sophisticated devices, observed significant differences between the treated and control animals. Rats exposed to methylmercury were found to be more aggressive than vehicle control in dyadic encounters (51 Hypoactivity, Se-supplemented diet (45) (1.3 ppm) partly antagonized Abbreviations: sc, subcutaneous injection; iv, intravenous injection; gi, gastric intubation; diet, food containing methylmercury compounds; GD, day(s) of gestation. Flattening and shift of frequency distribution Abbreviations: iv, intravenous injection; gi; gastric intubation; GD, day(s) of gestation; UV, ultrasonic vocalization.
Environmental Health Perspectives * Vol 104, Supplement 2 -April 1996 evaluation of swimming ontogeny and Biel maze learning should be included because of their sensitivity to methylmercury exposure. Collaborative studies were also done by Elsner and his colleagues (30, 53) . In the first trial (53), female rats were given methylmercury in drinking water at concentrations of 0, 1.5, or 5 mg/l from 2 weeks before pairing until weaning. Among the various test items examined, a discrete trial spatial alternation task was shown to be the most sensitive, both in terms of effective dose 50% (ED50) and of no toxic effect level (NTEL). In the second trial (30), a wider range of doses was employed to include lower exposure levels. Thus, rat dams were administered 0.025, 0.05, 0.5, or 5.0 mg/kg/day of methylmercury during gestational days 6 to 9. Among the behavioral tests, the discrete trial spatial alternation task was found, as it was in the first trial, to be the most sensitive, with effects detectable in the 0.05 mg/kg/day group. It should be noted that differences in performance in a visual discrimination task, another rather demanding operant task, could only be detected at doses of 5.0 mg/kg/day, the largest dose employed.
Studies in Nonhuman Primates
Motor Funetions. Contrary to the rodent studies, little work has been done in this category in primates (Table 12) .
Cognitive Functions. Gunderson et al. (57) reported that exposed infant monkeys paid less visual attention to novel stimuli. The result was interpreted as a deficit in visual recognition memory. Object permanence development in infants (55) and delayed alternation in adult monkeys (56) , both assumed to be tests of spatial memory, were examined with one cohort of monkeys. Of these two test paradigms, only the object permanence development was impaired by methylmercury. Thus monkey studies so far did not show any persistent cognitive deficits caused by in utero methylmercury exposure.
Sensory Functions. Taking advantage of the similarity between the visual system of monkeys and humans, Rice and Gilbert (59) examined visual effects of prenatal and postnatal exposure to methylmercury. Spatial vision was affected in both the studies, but temporal vision was impaired only by exposures that had started before birth.
Social Functions. By observation and coding of elements of behavior in monkeys, Burbacher et al. (60) found less frequent social behaviors among the exposed groups.
What Do These Results Tell as a Whole?
The experimental studies have shown that some of the test items detected some behavioral alterations caused by prenatal exposure to methylmercury, at least when high doses (but not high enough to cause severe maternal toxicity or fetotoxicity) were given to the animals. In this sense, a proper combination of these tests would have been successful in detecting some effects of prenatal methylmercury exposure, although a given single item might not have produced a positive result.
Some behavioral tests were shown to be particularly sensitive to prenatal methylmercury exposure. Among others, the spatial alternation test (30) , the tactilekinesthetic test (40) , and the DRH task (39) showed deviations from control at very low dose levels, At these doses, other simple tests such as those included in a functional observation battery, would fail to show any changes. It is unknown, however, whether such differential sensitivities among the tests reflected the nature of the behavioral tasks per se or reflected the nature of the effect of methylmercury. Evaluation of these tasks against other agents may show that the latter was the case. On the other hand, more mechanistic analyses of these behaviors might reveal the inherent sensitivities of these tests, which would support the former explanation. It should also be noted that the reproducibility of these test results must be demonstrated; e.g., Elsner (40) could not reproduce the deviation in the spatial alternation task (30) obtained in their first trial, and no laboratory has published rodent behavioral studies that showed effects from the same low level of exposure as was demonstrated in the DRH studies (39) .
Thus, it is not clear from these tables, which cover a broad spectrum of behavioral functions, whether there are any functional categories particularly vulnerable to prenatal methylmercury exposure. It may be that these results simply indicate that the behavioral consequences of prenatal (52) or the DRH operant task (39) , might result from motor incapacity rather than from learning. Likewise the change in audiogenic startle habituation might result from either ototoxic effect or a learning deficit (61, 62 Burbacher et al. (63) thoroughly reviewed the literature dealing with neuropathologic and/or neurobehavioral effects of prenatal methylmercury exposure in humans, nonhuman primates, and rodents. They concluded that neurotoxicity of methylmercury in terms of behavioral and pathologic effects had remarkable similarities among humans, (nonhuman) primates, and small mammals at high levels of exposure (i.e., brain mercury levels of 12-20 ppm) and that at moderate or low levels of exposure, neurobehavioral effects were regarded as similar when functional categories (e.g., motor, sensory, cognitive, etc.) rather than specific end points were compared. To be exact, they observed that at least two of three species shared such effects as "early reflex behaviors, motor coordination, visual functioning, and complex performance" (63) as a result of prenatal methylmercury exposure. It should be noted that these shared responses covered a broad range of behavioral categories.
Despite the conclusion reached by Burbacher et al. (63) , there seem to be some gaps between human and animal studies dealing with neurobehavioral consequences of prenatal methylmercury exposures. The first gap is the level of specificity. As discussed above, epidemiologic studies of fish-eating human populations have looked, and are continuing to look, into behavioral end points in a more specific way than experimental studies in animals have. For example, the New Zealand study (19) suggested some functional domains such as fine-motor functions and language skills were vulnerable to methylmercury, although no clear-cut profile had been delineated. The Seychelles study (22) (48) or of auditory startle habituation (29) . In monkeys as described above, effects of in utero exposure on spatial memory were apparent in infants but not in adults (55, 56) , suggesting a reversible nature of the effect on this function. It should be noted, however, that the test techniques employed in the two studies were not identical or even similar, and, as the authors have acknowledged (56), they might evaluate different functions.
The third gap refers to the difference in the types and periods of exposures. In most of the rodent studies, methylmercury was administered several times between 5 and 15 days of gestation. Since the concern regarding human populations is related to exposure derived from fish consumption, lower level exposures with longer durations (including both preconception as well as neonatal periods) should be evaluated, although neonatal treatment might confound the results by affecting the dams' behavior. Also, it may be important to examine differential susceptibility to methylmercury among different stages of both the gestational as well as neonatal periods.
Development of Specific Test Batteries
Methylmercury has acquired a unique status among hazardous chemicals in our environment in that a) existence of developmental neurotoxicity is apparent in both humans and animals, b) a relatively large body of neurologic and behavioral data is available in both humans and animals when compared to most other chemicals, and c) the ongoing large-scale epidemiologic studies are evaluating behavioral functions in more specific ways than routine neurologic or psychologic batteries. Thus, by taking into account current and expected future findings, as well as the human-animal gaps described above, methylmercury may now serve as a model agent for developing a more specific test battery of animal behavior that could be used to predict possible human hazards resulting from prenatal exposure to other chemicals.
To develop such a battery, it is essential to have a choice of behavioral domains or categories and a choice of specific behavioral items for each domain. For the domains or categories, the choices adopted by Rees et al. (49) , the National Center for Toxicological Research (64) , or the Faroe Islands study (21) are useful as guidelines. In the remaining part of this paper, we will focus on the second step of the procedure.
To choose specific behavioral items for a given domain, there are two possible approaches. The first is an approach in which a behavior of an animal that is functionally or operationally analogous to human behavior of concern will be chosen as the test item. For example, the results of the discrete trial spatial alternation task used by Eisner et al. (30) As an alternative approach, one can examine a particular behavior with a known neurological mechanism that is related to human behavior of concern. Stanton and Spear (61) argue for this approach, suggesting that such neural comparability became known not only for sensory functions but also for a number of behavioral functions that might be examined in a psychologic evaluation. If so, this can be a powerful approach, especially when a prediction of the neurotoxicologic characteristics of a given agent in a human population is needed. Although it seems that lesion studies (65) or pharmacologic studies may provide valuable information in this regard, few attempts at developing test batteries for neurobehavioral toxicity seem to have fully used such information.
Recently, a behavioral test battery that may be used for evaluating several aspects of central nervous system function in primates has been developed (64) . The battery includes several test items (Table 13) , some of which were chosen by the functional (68) . These complex behaviors may be used for examining specific functional domains, such as those evaluated in the monkey battery. Finally it should be pointed out that there are some basic items that have been dropped in most of the behavioral studies.
The first one is the determination of the internal dose. Lack of an appropriate measure of the internal dose, e.g., brain Hg concentration, makes the significance of certain behavioral findings (regardless of whether they are positive or negative) somewhat ambiguous. In the case of in utero exposure, the dose should be determined not only at the time of testing but also during the prenatal period (69) . The second is potential influences of the subjects' genetic background. Although the influence of genetic background on kinetics (excretion and distribution) of methylmercury has been evaluated, influences on behavioral effects seem to have scarcely been examined. In Iraq, individual differences were recognized in terms of the neurologic susceptibility of infants to prenatal methylmercury exposure as previously described. Individual differences were also a focus of consideration in choosing test items in the Faroe Islands study (21) . Genetic background must be one of the determinants of such individual differences, and thus, requires further consideration. In general, systematic study of genetic influences on behavior is best conducted with rodents. In this respect again, a specific battery with rodents, if properly developed, would be of great value.
